Abstract: There are many parameters affecting an improved oil recovery (IOR) process like production and injection rates, fault orientation, injection well placement and perforation locations. It is plausible to optimise an IOR process from the beginning of reservoir production to prevent from high changes and further cost during field development. Here a self-code genetic algorithm was coupled with MATLAB and a simulator to optimise IOR process in an oil reservoir model. Thus, 28 parameters have been optimised simultaneously and net present value (NPV) was taken as an objective function. To speed up the optimisation, it has been considered in the GA self-code to avoid simulating reservoir with previously calculated data. Moreover, the effect of the surrounding faults in the reservoir on the applied IOR process has been studied. Based on achieved results, it could be concluded that the presence of the faults in a reservoir may increase the overall displacement efficiency due to prolonging the contact time and the surface area between the flooding front and the target oil.
Introduction
According to the definitions of enhance oil recovery (EOR) and improve oil recovery (IOR), EOR refers to any method used to recover more oil from a reservoir than would be produced by primary recovery and IOR refers to any process which enhances the production or recovers more oil from a reservoir during the life of the reservoir.
Oil is immiscible with water and it has lower mobility (it has a higher viscosity and hence a lower mobility for a given relative permeability). These two issues are the main reasons of relatively poor displacement efficiency for a pure water flood. The majority of oil will still be left in the reservoirs, either in areas that are not swept or bypassed oil remaining in swept portion of the reservoir, when the flood is terminated. But the correct location of injection wells is one of the parameters that can help reservoir engineers to use water flooding scenario effectively in a positive way with high efficiency. Secondary oil recovery projects, also known as water floods, rely on water injection to maintain reservoir pressure to increase production rates and sweep incremental oil from the reservoir (Vilcaez et al., 2007; Shahiri Pordel et al., 2012) . Also, for mentioned reasons below water flooding is still an acceptable method: 1 most widely used fluid injection process 2 it is a 'mature' technology with successful results 3 water accessibility as an available source 4 proven method to increase oil recovery.
In spite of the existence of a solid fundamental and empirical knowledge about water flooding, there are recent developments in designing and utilising water flooding projects. It has been proven that the use of numerical algorithms has dramatically increased the economic value of water flooding projects (Mogollon, 2012) . Determining the optimal location of wells is crucial for reservoir engineers in the reservoir development procedure. Injection well placement optimisation is a complex problem which involves particular factors such as reservoir and fluid properties, geological considerations. Moreover, economic issues and technical abilities are crucial and should not be ignored in optimisation of injection well placement (Morales et al., 2010) .
In order to optimise well placement, a large number of well configurations must be examined. The time needed for reservoir simulation makes it impossible to evaluate all possible combinations. Moreover, the availability of multiple geo-statistical realisations, which measure the uncertainty in the geological description, makes the problem even severe. Therefore, it is necessary to have a quick technique to assess many possible well configurations and identify the best locations for further flow studies (Wang et al., 1999) . As well placement optimisation is a time consuming process, an efficient algorithm is necessary for computational feasibility. The algorithm must have this ability to find the global optimum point or a pack of optimum points (Morales et al., 2010) .
GA has various applications in petroleum industry. Guyaguler and Gurmah (1999) used GA for optimising production rate for a gas storage field. Bittencourt and Horne (1997) optimised the well placement by using a GA and polytope method combination, which they termed a hybrid genetic algorithm (HGA). The GA has already been applied in petroleum engineering to optimise well placement for horizontal wells. Montes et al. (2001) developed GA to optimise well placement using ECLIPSE as the simulator (Morales et al., 2010) .
GA is a generic optimisation algorithm based on the concept of genetics and natural selection which uses random choices as a tool to guide a highly exploitative search through parameter space. GA analyses includes population that represented by a series of strings, randomly, structured survival of the fitness method. GA starts searching between similarities of string and high fitness (Goldberg, 1989; Arabjamaloei and Shadizadeh, 2011; Lim et al., 2012) . The benefits of GA code are outlined below which make it an efficient algorithm for optimisation process (Tavakkolian et al., 2004; Ding, 2008): 1 its ability to find global optimum (it can jump out local optimums to find global optimum; therefore, not getting stuck in local extermums) 2 use of objective function value as working parameter, so it does not require any derivative information.
3 it optimises with continuous or discrete parameters or a combination of both 4 parallelisation ability; in fact, simultaneously searches from a large number of decision variables 5 it results not only the optimum value, but also a group of optimum solutions 6 it succeeds in dealing with all categories of optimisation problems 7 it is so appropriate for optimising extremely nonlinear functions.
GA can be used for finding optimum and repeatable solution in various scenarios even simple or very complex models (Zaimy and Rasaei, 2013) . To avoid getting stuck on a set of local optimum due to premature convergence, a specific amount of timed mutation is applied by flipping alleles or bits on the chromosome strings (Tayfur et al., 2009) . These advantages allow the GA to be a strong, stochastic and streamlined optimisation method and for the noticed advantages it is clear that GA code is a good solution for optimisation process (Ray and Sarker, 2007; Zerafat et al., 2009 ). In the well placement optimisation, testing of each solution corresponds to perform a simulation for each well configuration over all realisations of the geological model. It has been proposed to use algorithms heuristics to diminish the number of simulations required during optimisation (Onwunalu, 2006) . Despite of all advantages, the use of GA for optimisation of well deployment is computationally intensive, requiring many simulations. In these situations the run time of GA depends highly on simulation time. To solve this problem an efficient code should be used to prevent repetitive runs. In this article in the GA self-code this point has been considered and every chromosome is comparing with previous and if it has been calculated before, its value will be substituted with the previously calculated data. This approach saves time about 10% as it is shown in Table 1 . 
Reservoir description
According to the recovery scenarios and types of reservoirs, reservoir simulation cases can be divided into three major groups. One of them is Black-Oil model which is appropriate for primary and secondary recovery process in oil reservoirs. On the other side for processes that compositional changes are important like chemical flooding the compositional model is available. In this article a black-oil model was employed because of insignificance of compositional changes in our work which includes studying the influence of fault existence on recovery factor, water cut changes and oil saturation variation in water flooding process for an IOR technique implementation. The numerical technique for simulation model was finite difference method and all of the input data were unified for simulation. Furthermore, the fully implicit solution option was selected for runs with very high flow rates. The real oil reservoir model has 25 × 24 × 12 cells. This carbonate reservoir is located at south west of Iran with 6.82 km 2 area, oil gravity of 22°API, reservoir initial pressure of 3,035.69 psi, gas oil ratio of 0.563 MMSCF/STB, oil formation volume factor 1.3 bbl/STB. The grid block of the reservoir has been modelled using corner point method. The model has five production wells. Figure 1 depicts the 3D view of the studied reservoir. The static and dynamic description of the reservoir is shown in Table 2 . Table 2 Static and dynamic reservoir description
Parameter (unit) Value
Average porosity (%) 12.53
Average horizontal permeability (md) 137.37
Average vertical permeability (md) 14.14 Grid size in X-direction (ft) 420.33
Grid size in Z-direction (ft) 31.34
Reservoir initial pressure (psia) 3,035.69
Water oil contact (WOC) depth (ft) 10,050
Gas oil contact (GOC) depth ( It is important to note that the faulted model has three faults with transmissibility multiplier of one which means its transmissibility is calculating by simulator.
Genetic algorithm self-modified code for IOR optimisation
In this work, GA self-code has been used to optimise the locations of four injection wells, rate and drilling time. Also the rate of production wells was optimised by GA. Table 3 shows the optimisation parameters, their upper and lower bounds and the steps of discretisation. Moreover, after some initial calculations the optimal parameters for genetic algorithm where found and represented in Table 4 . (1st, 2nd, 3rd, 4th and 5th) production well rates before water flooding (STB/day) 100 3100 100
(1st, 2nd, 3rd, 4th and 5th) production well rates after water flooding (STB/day) 0 3000 100 (1st, 2nd, 3rd and 4th) injection well rates (STB/day) 100 5100 100
Time of drilling injection wells (three months) 40 190 5 The optimisation is done on water flooding process in two cases. In the first case, the simulation model does not have any fault; while, in the second, there are three faults in the system. So, the effect of fault existence in injection well placement optimisation is elaborated by comparing the generated results from models in two conditions. To have a better control and more dominance on existed hydrocarbon in the model it has been decided to separate the reservoir into the four geographical regions and in each region one injection well has been placed. In this way there is the opportunity of covering whole reservoir to sweep residual oil. In fact, this method enables reservoir engineer to use the concept of superposition and drainage radius of wells in calculations. Moreover by these regions the self-code GA will never misplace the well location. This solution makes the results more rational and increases the certainly of answers. In a previous research, a reservoir was divided into two geographical regions and the GA suggested four optimum locations that two of them were in one grid with different perforations which is not rational. In fact, this problem can be deduced as the shortage of the GA in understanding the physical concepts of petroleum science like superposition and drainage radius that are not in relevance with ECLIPSE and might be calculated in other commercial software which are related to well test analysis. Therefore it is necessary to introduce some criteria or region indexes for wells to observe the effects of flooding process clearly.
There are four regions in four different directions: west-north, east-north, west-south and east-south (Figure 2 ). The location of each injection well in the regions depends on the permeability of the layers, faults positions, and etc. The best cost in each iteration and its comparison with the mean cost generated by GA for both cases -with and without fault -is depicted in Figures 3 and 4 . It is evident that the minimal value in consecutive generations decreases till finally stops at a general value. According to Figure 3 , the optimised cost value for the faulted system is -6.79 × 10 6 and GA search stopped in its 75th generation. While, Figure 4 represents the optimised value for non-fault case which is -6.32 × 10 6 and GA search terminated in the 52nd generation.
Results and discussion
In this work the target is to improve the efficiency of water flooding during an IOR study in a real black oil reservoir model which appears in the recovery factors and finally in the net present value (NPV). In water flooding process the target is to displace the oil by pushing water into the oil zone. Hence, finding the best location of water injection is significantly vital in order to gain an acceptable level of contact between the injected fluid and trapped oil. There are plenty of inhabitants like: fractures, faults, low permeability zones and chemical parameters affecting the process. In this study it was tried to use these kinds of inhabitants (faults and fractures) in a positive way to gain an effective flooding throughout the reservoir. GA code is capable to recognise the transmissibility of faults for a better flooding process according to the data that it takes from the simulator. In other words, it prevents the water being channelised which can decrease the efficiency of water flooding.
Although some other parameters such as injection and production rates are optimised, the location of the wells is the first priority in IOR studies. Therefore, it can be deduced that the optimum situation for other parameters is achievable when the location of the wells is previously optimised. Hence, in the first step for having an optimum recovery factor would be selecting the best location for both injection and production wells.
The distribution of oil saturation profile for optimised and non-optimised state in absence of faults is shown by Figure 5 . This figure shows the effect of optimisation on oil removal process. In optimised cases, the reservoir oil saturation is lower than non-optimised cases due to more efficient sweeping process. 
Objective function
To consider the financial considerations in optimisation process, the objective function can be prescribed as the NPV, defined as the current value of a stream for the future payments. The economic model presented in equation (1) 
where r is the discount rate; n is the total number of discount periods per years and CF i is the cash flow for the period i, defined as:
R i and E i represent revenues and expenses respectively. The revenue is directly proportional to the production rate of hydrocarbons during the considered period. The cost of a particular development scenario is affected by different parameters (Onwunalu, 2006) . Table 5 shows the parameters of NPV.
Table 5
Parameters of NPV
Parameter (unit) Value
Oil price (US$/bbl in 2013) 85
Gas price (US$/MSCF) 3.8
Oil production cost (US$/bbl) 2
Water injection cost (US$/bbl) 0.15
Water separation cost (US$/bbl) 0.5
Inflation rate (%) 10
Discount rate (%) 12
Effect of the optimised parameters to IOR
The selected parameters to be optimised by GA were represented in Table 3 . Two cases have been considered in this stage. As it is listed in Table 6 , it can be seen that in this study, a kind of reservoir management has been done. All the listed parameters in Table 6 are related to reservoir characterisation and their condition has directive influence on the recovery factor. The specific properties of the reservoir rock and fluid gave us this possibility to increase the recovery factor of the reservoir from the beginning days of its life. As a matter of fact, the recovery can be increased by selecting the best location for the wells and right place of perforation which would depend on the permeability and porosity of the reservoir, the contacts of the fluids, saturation of hydrocarbon among the layers and etc. The well placement of the injection and production wells must be optimised to avoid from the interfere of the wells in their drainage radius which can reduce the efficiency of flooding in future and may leave a huge amount of residual oil after production. Also, the right time for injection commencement and the best time for stopping the process must be optimised that would be explained in the next sections.
No-fault case
In this case, the process was optimised for a non-faulted reservoir. The optimisation was done using a discrete GA with population size of 20 chromosomes and tolerance of 10 -7 . The lower and upper bound and step lengths of the parameters are represented in Table 3 . Table 6 shows the optimised values of the parameters.
Faulted case
In this case the optimisation was done on the reservoir in presence of three faults. The optimisation was done using a discrete GA with population size of 20 chromosomes and tolerance of 10 -7
. The lower and upper bound and step lengths of parameters are represented in Table 3 . The optimised values of the parameters are listed in Table 6 . 1st production well perforations top (perforated layers) 6 (6-12) 6 (6-12) 2nd production well perforations top (perforated layers) 6 (6-12) 6 (6-12) 3rd production well perforations top (perforated layers) 6 (6-12) 1 (1-7)
4th production well perforations top (perforated layers) 1(1-7) 6 (6-12) 5th production well perforations top (perforated layers) 6 (6-12) 1 (1-7)
1st injection well perforations top (perforated layers) 6 (6-12) 5 (5-11) 2nd injection well perforations top (perforated layers) 6 (6-12) 1 (1-7)
3rd injection well perforations top (perforated layers) 1 (1-7) 1 (1-7)
4th injection well perforations top (perforated layers) 4 (4-10) 1 (1-7) 1st production well rates before water flooding (STB/day) 3,100 1,000 2nd production well rates before water flooding (STB/day) 100 3,100 3rd production well rates before water flooding (STB/day) 2,100 600 4th production well rates before water flooding (STB/day) 2,000 1,500 4th production well rates before water flooding (STB/day) 2,200 900 1st production well rates after water flooding (STB/day) 3,000 2,800 2nd production well rates after water flooding (STB/day) 3,000 2,400 3rd production well rates after water flooding (STB/day) 3,000 3,000 4th production well rates after water flooding (STB/day) 3,000 3,000 5th production well rates after water flooding (STB/day) 3,000 2,400 1st injection well rates (STB/day) 5,100 5,100 2nd injection well rates (STB/day) 5,100 4,700 3rd injection well rates (STB/day) 5,100 5,100 4th injection well rates (STB/day) 5,100 4,900
Time of drilling injection wells (three months) 40 40
The importance of the optimisation has obviously been shown in this work. The comparison of NPV for non-faulted reservoir in optimised and non-optimised cases is illustrated in Figure 6 . This figure shows that the NPV for the optimised case was so larger than non-optimised one. This graph demonstrates the importance of the optimisation in water flooding process. The water cut values for the optimised and non-optimised cases are depicted in Figure 7 ; moreover, the comparison of the oil recovery between these two cases is shown in Figure 8 . Although, the field water cut is lower in the non-optimised case (which means lower cost of water separation), the recovery factor of optimised case is much greater than non-optimised condition. This means the higher sweep efficiency for this case which conducts more efficient displacing water and higher NPV consequently. Considering the last three figures highlights the significance of the optimisation in water flooding process. As it can be seen in Figure 8 , the recovery factor can be increased up to 15% due to these optimisations.
The effect of the fault existence on the performance of an EOR process
By comparing the results in presence and absence of the faults, their effect would be clearly determined. In fact in the faulted system, GA detects the best location for the injection wells considering of the fault's locations. In this case by changing the locations of the injection wells the efficiency of the water flooding process improved. The oil saturation profile in the top view of the reservoir is shown in Figure 9 at the end of water flooding process. According to Figure 9 , it can be easily deduced that the faults have significant effect on the optimum well configuration. Considering the saturation profiles shows that the faults have an effective role on better sweeping of the oil in the reservoir. It is obvious that the used GA has changed all the injection wells' location due to the presence of the faults in the model.
The displacement efficiency refers to the fraction of the oil in place that is swept from a unit volume of the reservoir. Displacement efficiency is a function of fluid viscosities and the relative permeability characteristics of the reservoir rock (mobility ratio), the 'wettability' of the rock, and of pore geometry (El-Khatib, 1999) . It has been approved that drilling the injection wells in the backward side of the faults can manage the front of the injected fluid effectively (Habibi Moghaddam, 2012) .
The water cut (WCT) of faulted and non-faulted cases has also been compared in Figure 10 . This figure shows that the WCT of the faulted case is lower than non-faulted case. It is important to note that WCT of 50% has been considered as the production cut off and higher WCT value is not applicable here because of the limitations in the surface separation facilities. So, all results have been compared in the WCT of 50% consequently. Figure 10 shows that WCT of 50% has occurred after 35 years for non-faulted case and 42 years for the faulted case. The water production has been started earlier in non-faulted condition which was predictable. It is due to the lack of inhabitant (faults and fractures) in non-faulted case. So, the injected fluid is moving throughout the reservoir without any restraint and breaks through production well very soon (five years earlier in the non-faulted case). The oil recovery in the faulted and non-faulted cases was compared in Figure 11 . This figure shows that the recovery factor of the non-faulted case after 35 years is about 12.6%. It is 16.6% for the faulted system in the 42nd year. Considering the mentioned results shows that the presence of the faults in the reservoir has positive effect on the performance of the water flooding process. The NPV for faulted and non-faulted case is depicted in Figure 12 . This figure shows that the NPV of the non-faulted case is 5,707,812 US$ (in the 35th year) and 7,012,141 US$ for faulted case (at 42nd year). Presence of the faults in the reservoir increases the NPV due to the higher oil production and lower water production in the faulted reservoir; therefore, presence of the faults in this reservoir increases the NPV by 23%. 
NPVFaulty
Presence of the faults in the reservoir also increases the sweep efficiency due to higher dispersion of the water throughout the reservoir. In fact, in this case the water breakthrough occurs later in comparison to with the non-faulted case which makes the EOR process duration longer and sweeps more oil because of providing wider contact area between water and oil in the reservoir. Lower water production in the faulted reservoir and higher oil production in this case makes it economically more profitable. 
Time step
Unfortunately, in some of the petroleum projects the exact time of secondary recovery is not calculated; in fact, engineers estimate the termination time of primary recovery based on their experience; moreover, they are not optimum enough to predict the appropriate time to begin a secondary recovery. In this study, one of the crucial parameters that GA should estimate is the beginning time of the water flooding process. It has been approved that water flooding process has a specific time step that depends on the properties of the rock and fluids which are unique for each reservoir and it is not possible to generalise their time step for all models. Therefore, in this study GA estimates the best time of starting the secondary recovery which helps us to save the money and energy to produce more hydrocarbons in the future. All the suggested times were presented in Table 7 . It is obviously evident that optimisation has neglected the effect of faults' existence in commencement and end time; whereas; in the non-optimised situation the faults would have an influential effect in determining the EOR duration. It should be noticed that among 28 parameters which have been optimised in this study, the injection and production wells' parameter and the well placements have the most significant influence on the processing time. Table 7 The time steps of both optimised and non-optimised model according to faults existence 
Conclusions
Based on the results of this study the following conclusions are obtained:
1 If coupling between genetic algorithm and simulator use through an innovative approach, then some fundamental concepts such as superposition will effect on the results even though that particular concept has been ignored by the simulator.
2 Genetic algorithm can be utilised as a powerful tool for optimising the processes that are related to oil recovery.
3 Optimising of the effective parameters can increase the efficiency of a water flooding process. Optimising these parameters has major effect on displacement efficiency and increases the recovery factor consequently. This process increases the profitability of the operation due to lower cost of surface separation and larger revenue of oil production. Also, optimisation of the injection well placement can prevent unnecessary costs in the future, such as, infill drilling for producing the residual hydrocarbon.
4 In this work, it has been approved that the presence of the faults has positive effects on efficiency of the water flooding process. In fact, surrounding faults in reservoirs increase the oil sweep efficiency due to effective dispersion of water in the trap. Considering the results shows that the faults can increase the contact time between water and oil due to higher breakthrough time. Therefore, the efficiency of the process increases because of the lower water production and higher surface oil production.
